FULL PAPER 



DOI: 10.1002/ejic.201100250 



Organometallic m-Dichlorido Ruthenium(II) Ammine Complexes 

Soledad Betanzos-Lara,' 3 "* 1 Abraha Habtemariam, |a| Guy J. Clarkson,' 31 and 

Peter J. Sadler*' 3 ' 

Keywords: Ruthenium / Sandwich complexes / Cytotoxicity / Antitumor agents / Arene ligands / N ligands 



Bifunctional neutral half-sandwich Ru 11 complexes of the 
type [(r| 6 -arene)Ru(NH 3 )Cl 2 ] where arene is p-cym (1) or bip 
(2) were synthesised by the reaction of iV,JV-dimethylbenz- 
ylamine (dmba), NH 4 PF 6 and the corresponding Ru 11 arene 
dimer, and were fully characterised. X-ray crystallographic 
studies of [(n 6 -p-cym)Ru(NH 3 )Cl 2 H(dmba-H)(PF 6 )} (la) and 
[(r| 6 -bip)Ru(NH 3 )Cl2] (2) show extensive H-bond interactions 
in the solid state, mainly involving the NH 3 and the CI li- 
gands, as well as weak aromatic stacking interactions. The 
half-lives for the seguential hydrolysis of 1 and 2 determined 
by UV/Vis spectroscopy at 310 K ranged from a few minutes 



for the first aguation to ca. 45 min for the second aguation; 
the diagua adducts were the predominant species at eguilib- 
rium. Arene loss during the aguation of complex 2 was ob- 
served. Upon hydrolysis, both complexes readily formed 
mono- and di-9-ethylguanine (9-EtG) adducts in agueous 
solution at 310 K. The reaction reached eguilibrium after ca. 
1.8 h in the case of complex 1 and was slower but more com- 
plete for complex 2 (before the onset of arene loss at ca. 2.7 
h). Complexes 1 and 2 were not cytotoxic towards A2780 hu- 
man ovarian cancer cells up to the maximum concentration 
tested (100 uM). 



Introduction 

Soon after the discovery of the cytotoxic properties of 
cisplatin,' 1-31 extensive studies of platinum am(m)ine halido 
analogues led to a series of empirical rules governing the 
chemotherapeutic potential of this class of derivatives.' 41 It 
was concluded that active compounds should: (i) be neutral, 
presumably to facilitate passive diffusion into cells; (ii) have 
two leaving groups in a c/s-configuration; (iii) contain non- 
leaving groups with poor /raw-labilising ability, similar to 
that of NH 3 or organic amines; and (iv) have leaving groups 
with a window of lability centred on the chlorido ligand. 
Recent studies have focused on applying analogous struc- 
ture-activity relationships to other metal complexes for an- 
ticancer drug design.' 51 Half-sandwich Ru 11 arene complexes 
of the general formula [(u 6 -arene)Ru(X)(Y)(Z)]" + where X 
and Y are two monodentate ligands or if linked a bidentate 
chelating ligand, and Z is a leaving group, have recently 
been shown to have potential as anticancer drugs.' 61 In con- 
trast, bifunctional neutral dichlorido Ru 11 agents containing 
tethered ligands of general formula [(ri^ri'-areneiNJRuCy, 
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Figure 1, as well as the more stable derivatives [(n 6 :^ 1 - 
arene:N)Ru(oxalate)],' 7 ' 81 have proved to be inactive. The 
first reported synthesis and structural characterisation of 
an organometallic Ru 11 complex with similarity to cisplatin, 
bearing two ammonia ligands and one chlorido ligand, [(r| 6 - 
benzene)Ru(NH3) 2 Cl][PF 6 ], [9a01 appeared thirty years ago 
and was studied for its chemical properties. More recently, 
the synthesis and properties of the p-cymene complex [(n 6 - 
/7-cym)Ru(NH 3 ) 2 Cl] + have been described.' 111 This complex 
is much less potent than cisplatin, displaying an IC 50 value 
(50% inhibitory concentration) 500 times larger than that 
for the platinum drug under the same conditions. This lack 
of activity has been attributed to its instability both in aque- 
ous media and organic solutions. The synthesis of numer- 
ous dichlorido Ru 11 arene complexes bearing N-donor li- 
gands' 121 (mainly, but not restricted to, pyridine derivatives) 
and mixed donor ligands (such as phosphanes)' 131 has also 
been reported. These dichlorido complexes not only display 
interesting biological activities,' 141 but have also found use 
in other applications, such as catalysts for organic synthe- 
sis.' 15 ' 161 The synthesis of bifunctional Ru 11 arene complexes 
has also included the use of bulkier N-monodentate ligands 
such as paullone derivatives,' 171 and pyr(id)ones,' 1§1 or non- 
N-based monodentate ligands such as l,3,5-triaza-7-phos- 
phatricyclo[3.3.1.1]decane (pta),' 191 as well as biologically 
active groups such as staurosporine' 201 or tyrphostin' 211 de- 
rivatives. Moreover, based on several studies with platinum 
anticancer compounds,' 22 ' 391 it seems that the presence of 
an H-bond donor atom may be a desirable feature in the 
design of bifunctional Ru 11 arene complexes in order to, for 
example, stabilise intrastrand cross-linking on DNA in a 
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similar fashion to cisplatin. [23] For this, monodentate NH 2 R 
ligands have been used. [24 - 25] However, the evidence suggests 
that the coordinated N-donor group can undergo facile li- 
gand-substitution reactions in solution and complexes such 
as [(n 6 -mesitylene)Ru(NHR 2 )Cl 2 ] where R is ethyl or butyl, 
readily decompose in solution. [261 In the work reported 
here, the synthesis and structural characterisation of the 
first examples of neutral water-soluble organometallic Ru 11 
complexes which possess an ammonia ligand and two cis 
chlorido ligands, are described. Their aqueous solution 
chemistry, ability to bind to model DNA nucleobases, and 
cytotoxicity towards human cancer cells were also investi- 
gated. 




leaving H-bond 
groups donor 




1 1a 2 



Figure 1. Top: General structure of amine-tethered dichlorido Ru 11 
arene complexes. Bottom: Structures of the neutral Ru 11 arene com- 
plexes [Oi 6 -/?-cym)Ru(NH,)Cl 2 ] (1), [(n 6 -/'-cym)Ru(NH 1 )Cl 2 ]- 
{(dmba-H)(PF 6 )} (la) and [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2) studied in this 
work. 

Results and Discussion 

Synthesis 

Two new Ru 11 arene complexes [(n 6 -arene)Ru(NH 3 )Cl 2 ] 
where arene is p-cym (1) or bip (2), showing constitutional 
similarity to cisplatin were synthesised in good yields (68 % 
and 66%, respectively), Figure 1. The first report of the syn- 
thesis of organometallic complexes containing ammonia 
and chlorido ligands was thirty years ago [10] and resulted in 
the monochlorido bisammine complexes [(n 6 -benzene)- 
M(NH 3 ) 2 C1][PF 6 ] (where M = Ru or Os). The synthetic 
routes were rather complicated and often gave mixtures of 
products. They involved reacting [(n 6 -benzene)M(Cl) 2 ] 2 di- 
mers in concentrated aqueous ammonia and methanol, fol- 
lowed by the addition of a saturated aqueous NH 4 PF 6 solu- 
tion to precipitate the complexes as the corresponding PF 6 
salts. In the present work, the reaction of [(n 6 -arene)- 
RuCl 2 ] 2 where the arene is p-cym or bip, with 2 mol equiv. 
of /V,JV-dimethylbenzylamine (dmba) and 2 mol equivalents 
of NH 4 PF 6 in dry MeOH under a N 2 atmosphere at ambi- 
ent temperature proved to be convenient. The first step in 
the synthesis is believed to involve a fast reaction between 
the base Af,/V-dimethylbenzylamine (dmba) and NH 4 + to 
form NH 3 in situ which then reacts with the Ru 11 arene 
dimer to afford complexes 1 and 2. A similar reaction 
mechanism has also been suggested for the synthesis of the 
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cationic complex [(n 6 -/>-cym)Ru(NH 3 ) 2 Cl] + . [11] During the 
purification steps to afford complex 1, the presence of the 
/V,yV-dimethylbenzylammonium ion (dmba-H) + was de- 
tected in solution by 'H NMR spectroscopy prior to 
recrystallisation of the reaction product. The signals were 
assigned to the adduct [(n 6 -p-cym)Ru(NH 3 )Cl 2 ]-{(dmba- 
H)(PF 6 )} (la) [(CD 3 ) 2 CO, 500 MHz 5 H : 3.01 (s, 6 H), 4.50 
(s, 2 H), 7.50 (m, 3 H), 7.66 ppm (m, 2 H)], thus providing 
further evidence to support the proposed mechanism. 
Furthermore, the nature of the solvent appears to play an 
important role in the quality of the products; syntheses car- 
ried out in CH 3 CN or CH 2 C1 2 also yielded complexes 1 and 
2 but in lower yields (less than 40% in both cases). This 
observation suggests that the reaction might proceed via a 
nucleophilic substitution pathway. The intermediate species 
generated upon the nucleophilic attack of NH 3 on the Ru 11 
centre might be considerably better stabilized by interac- 
tions with a solvent of medium polarity-index such as meth- 
anol (5.1), compared to either a more polar solvent as 
CH 3 CN (5.8) or less polar solvent such as CH 2 C1 2 (3.1)J 27 1 

Characterisation 

Both complexes were fully characterised by ID and 2D 
'H NMR methods as well as elemental analysis, ESI-MS, 
and X-ray crystallography. The 'H NMR resonances of 
both arenes in complexes 1 and 2 are high-field-shifted by 
about 1 ppm compared to the corresponding parent dimers. 
The resonances for the NH protons in both complexes can 
be readily assigned in a non-aqueous deuterated solvent 
such as acetone. Figure SI shows the : H NMR spectrum 
of complex [(n 6 -/>cym)Ru(NH 3 )Cl 2 ] (1) in [D 6 ]acetone as 
an example. Suitable crystals of [(n 6 -/?-cym)Ru(NH 3 )Cl 2 ]- 
{(dmba-H)(PF 6 )} (la) were grown using the crude product 
isolated from the synthesis (and prior to recrystallisation) 
in a saturated dichloromethane solution at ambient tem- 
perature, whereas crystals of the biphenyl complex [(n 6 - 
bip)Ru(NH 3 )Cl 2 ] (2) were obtained from a saturated aceto- 
nitrile solution at ambient temperature. Selected bond 
lengths and angles are given in Table 1. The structures and 
atom labelling are shown in Figure 2 and the crystallo- 
graphic data are listed in Table SI. The two neutral Ru 11 
arene complexes adopt the familiar pseudo-octahedral 
three-legged piano stool geometry common to other half- 
sandwich Ru 11 arene structures. [6 ' 28] The Ru atom is un- 
bonded to p-cym in la and bip in 2, coordinated to an 
ammonia nitrogen, and to two chloride ions which consti- 
tute the three legs of the piano stool. The unit cell of the 
Ru 11 arene complex la also contains the 7V,/V-dimethylbenz- 
ylammonium hexafluorophosphate ionic pair (dmba- 
H)(PF 6 ). The Ru CI bonds in complexes la [2.421(2)/ 
2.427(2) A] and 2 [2.4246(9)/2.4284(8) A] as well as the cor- 
responding Ru N bonds [2.116(8) for la and 2.135(3) A for 
2] do not vary with a change in arene. The Ru-Cl bond 
lengths are within the range found for other Ru-N(sp 3 ) ar- 
ene complexes! 29 ! such as [(q 6 :r ) 1 -C 6 H 5 (CH 2 ) 3 NH 2 )RuCl 2 ][ 7 l 
and longer than those found in related structures where the 
N atom belongs to an aromatic pyridine ring. [30,13] The Ru 
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N distances are not significantly affected by a change of 
arene from />cym (la) to bip (2) and are within the range 
found in similar complexes such as [(n 6 -/>-cym)Ru(NH 3 ) 2 - 
Cl] + [2.1504(15) and 2.1425(15) A].! 11 ! They are again on 
average, slightly longer than those of analogous complexes 
where the nitrogen donor atom belongs to an aromatic sys- 
tem such as a pyridine derivative.^ 1] The Ru— /?-cym {centroid ) 
distance (as measured from Mercury version 2.2.) in com- 
plex la (1.657 A) is slightly shorter than that for the bip 
analogue 2 (1.670 A). These two distances differ from those 
observed when the N atom belongs to a (tethered) ethyl- 
enediamine [7 ' 8 ' 32] (ca. 1.65 A) but are slightly shorter (ca. 
0.02-0.05 A) than those found in related complexes where 
the Ru 11 centre is bound to an aromatic XY-chelating ligand 
(XY are N, O, or S). [31] The X-ray crystal structures of com- 
pounds la and 2 also show intra and/or intermolecular n- 
7i stacking interactions, a common feature in related Ru 11 
complexes containing extended aromatic rings [32] as well as 
H-bond interactions, Figure 3 and Figure 4. Tables S2 and 
S3 list the hydrogen bond lengths [A] and angles [°] in the 
X-ray crystal structures of [(r| 6 -/?-cym)Ru(NH 3 )Cl 2 ]- 
{(dmba-H)(PF 6 )} (la) and [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2), 
respectively. The ionic pair in the crystal structure of la 
also shows Tc-Tt stacking interactions, Figure S2. Complex 
[(r| 6 -bip)Ru(NH 3 )Cl 2 ] (2) pairs with an adjacent molecule 
also via intermolecular rt-rt stacking interaction. The mean 
planes involving the uncoordinated phenyl (ph) rings in the 
bip arene are parallel, Figure 5. A space-filling model of 
complex 2 (inset in Figure 5) shows the presence of aro- 
matic stacking with the shortest atomic contact C(8)—C(10) 
being 3.587 A and a ph (centroid) -ph( centroid) distance of 
3.687 A, typical of such weak interactions. [33] The uncoor- 
dinated phenyl ring is tilted by 41.06° relative to the main 
plane defined by the coordinated ph (bound ). 



Table 1. Selected bond lengths [A] and angles (°) for [(n 6 -/;-cym)- 
Ru(NH 3 )Cl 2 ]-{(dmba-H)(PF 6 )} (la) and [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2). 



Bond length/angle 


la 


2 


Ru(l)-arene (cen , roid) [al 


1.657 


1.670 


Ru(l)-Cl(l) 


2.427(2) 


2.4284(8) 


Ru(l)-Cl(2) 


2.421(2) 


2.4246(9) 


Ru(l)-N(l) 


2.116(8) 


2.135(3) 


N(l)-Ru(l)-Cl(l) 


83.80(2) 


84.29(8) 


N(l)-Ru(l)-Cl(2) 


84.30(2) 


84.73(8) 


Cl(2)-Ru(l)-Cl(l) 


85.11(8) 


85.26(3) 



[a] Calculated with Mercury, version 2.2. 




Figure 2. X-ray crystal structures of [(n 6 -/>-cym)Ru(NH 3 )Cl2] - 
{(dmba-H)(PF 6 )] (la) and [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2). Thermal el- 
lipsoids show 50% probability. The hydrogen atoms have been 
omitted for clarity. The ion pair in la is not shown. 



*** 




Figure 3. Intermolecular H-bond interactions present in the X-ray 
crystal structure of [(n 6 -/7-cym)Ru(NH 3 )Cl 2 hHdmba-H)(PF 6 )) 
(la). Atoms not involved in the specified interactions are omitted 
for clarity. 




Figure 4. X-ray crystal structure of [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2) show- 
ing N-H— CI contacts. 




Figure 5. X-ray crystal structure of [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2) show- 
ing a Tt-Ji stacking interaction between two uncoordinated bip rings 
in neighbouring molecules. Inset: space-filling model. 
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Kinetics of Hydrolysis 

Dissolution of compounds 1 and 2 in 5% MeOH/95% 
H 2 0 (100 um) at 310 K gave rise to ligand-substitution reac- 
tions at the Ru 11 centre as indicated by rapid changes in 
UV/Vis absorption bands. The time evolution spectra for 
the two Ru 11 arene complexes at 310 K are shown in Fig- 
ure 6. The initial electronic absorption spectrum of aqueous 
[(n 6 -/?-cym)Ru(NH 3 )Cl 2 ] (1) at 310 K exhibits peaks with 
maxima at ca. 255, 320, and 410 nm. The highest energy 
absorption band increases in intensity while the lower en- 
ergy band decreases. The band centred at ca. 320 nm disap- 
pears upon hydrolysis. In the case of [(r| 6 -bip)Ru(NH 3 )Cl 2 ] 
(2) in aqueous solution, the initial electronic absorption 
spectrum at 310 K exhibits peaks with maxima at ca. 255 
and 274 nm which increased in intensity only slightly over 
a period of ca. 6 h. Related mononuclear Ru 11 arene com- 
plexes of the type [(r) 6 -arene)Ru(X)(Y)Cl]" + where XY is 
a bidentate chelating ligand [34 ~ 36] are known to undergo a 
monoexponential decrease in absorbance due to the loss of 
one chloride and substitution by water. [37] The presence of 
two chlorido ligands that can be substituted by water in 
complexes 1 and 2 and the absence of a clear isosbestic 
point in their UV/Vis absorption spectra correlates with a 
bi-exponential kinetics as shown by the fit to the data, Fig- 
ure S3. The rate constants for hydrolysis of complex 2 were 
determined over a 160 min period. 



Table 2. Hydrolysis data for complexes 1 and 2 (100 \im in 5% 
MeOH/95% H 2 0) at 310 K determined by UV/Vis spectroscopy. 





1 


2 


First aquation 


ki X 10- 3 [min- 1 ][ a - b l 


720.0 ±21.8 


555.0 ±27.2 


h/z [min] 


1.0 


1.2 


Second aquation 


k 2 X 10- 3 [min- 1 ]! 3 - 13 ] 


15.2 ±0.7 


15.9 ± 5.8 


t m [min] 


45.7 


43.6 



[a] The errors quoted are fitting errors, [b] The rate constants for 
complex 2 were determined over the period of time before the onset 
of arene loss (at ca. 160 min detected by 'H NMR). 



The hydrolysis rate constants and half-lives are listed in 
Table 2. It can be seen that the first step is fast for both 
complexes (half-lives ca. 1 min). The aquation rates for the 
second step are also similar for both complexes. The loss of 
the first chlorido ligand might be expected to be faster than 
the substitution of the second because of the increase in 
positive charge on the molecule. This is the case for both 
complexes 1 and 2; the first hydrolysis rate (ki) of complex 
1 is not only ca. 48 times faster than the second (k 2 ) but 
also ca. 1.5 times faster than k x for the bip complex 2. 

Hydrolysis Equilibria 

Upon dissolution of complexes 1 or 2 in D 2 0, the 'H 
NMR spectrum shows the presence of a number of species. 
In order to characterise the products of hydrolysis and de- 
termine the extent of the reactions, freshly-made 100 um 
solutions of complexes 1 and 2 (in 5% [D 4 ]MeOD/95% 
D 2 0) were allowed to equilibrate for 24 h at 310 K and were 
then studied at the same temperature using 'H NMR spec- 
troscopy. Figure S4 shows the time dependence of the 'H 
NMR CH 3(isopropyl) peaks of the />cym ring of complex 1 at 
310 K. The 'H NMR spectra of complexes 1 and 2 initially 
contained one major set of peaks (dichlorido species) and 
then a second and third set of peaks, which increased in 
intensity over time. The new sets of peaks were assigned to 
the mono- and di-aqua adducts, [(n 6 -arene)Ru(NH 3 )- 
(OH 2 )Cl] + and [(n 6 -arene)Ru(NH 3 )(OH 2 ) 2 ] 2+ , respectively. 
The mass-to-charge ratios of peaks in ESI-MS spectra of 
the solutions after 24 h were consistent with the formation 
of the di-aqua complexes; Table S4 (observed as the base 
peak in the spectra). For complex [(n 6 -bip)Ru(NH 3 )Cl 2 ] (2) 
an additional set of ! H NMR peaks [8 = 7.88 (d), 7.70 (t), 
7.42 (t)] assignable to free bip was also observed after 
160 min. 

Table 3 summarizes the percentage of species detected at 
equilibrium and after 24 h of reaction as determined by 'H 
NMR peak integration. These data suggest that the p-cym 
complex 1 undergoes mono- and di-hydrolysis reactions to 
a larger extent (ca. 2 to 7 times) than complex 2 (before 
biphenyl loss). Changing the arene from p-cym (1) to bip 
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(2) greatly reduces the stability of the complex in aqueous 
solution at 310 K since no loss of the arene ;>cym was ob- 
served for complex 1. 



Table 3. Percentage of species present at equilibrium in 100 um 
solutions of complexes 1 and 2 (5% [D 4 ]MeOD/95% D 2 0) after 
24 h at 310 K determined by 'H NMR spectroscopy. 





% Species 








Ru-Cl 2 Ru-OH 2 


Ru-(OH 2 ) 2 


Arene loss 


[(il Vcym)Ru(NH 3 )Cl 2 ] (1) 


3.1 20.8 


76.1 


0.0 


[(n 6 -bip)Ru(NH 3 )Cl 2 ] (2) 


24l»I 2 W 




56^ 



[a] Approximate values due to peak overlap. 



Interactions with Nucleobases 

DNA is one of the potential targets for transition metal 
anticancer complexes. [3S] For this reason, reactions of com- 
plexes 1 and 2 with 9-ethylguanine (9-EtG) as a model nu- 
cleobase were investigated. The interactions were studied by 
multidimensional 'H NMR spectroscopy and the nature of 
the products verified by ESI-MS. 9-EtG (2 mol-equiv.) was 
added to an NMR tube containing a 100 um solution of 1 
or 2 in 5% [D 4 ]MeOD/95% D 2 0 at 310 K and the reaction 
was then followed for ca. 6 h. The interactions occur via the 
initial in situ formation of the corresponding reactive 
mono- and di-aqua adducts for each complex. After ca. 
10 min of reaction, a second and third set of low-field- 
shifted peaks appeared and increased in intensity. These 
peaks are tentatively assigned to the corresponding mono- 
and dinucleobase adducts with coordination of the Ru 11 
centre to N7 of 9-EtG. This coordination mode has been 
previously observed for similar Ru 11 arene guanine and ade- 
nine adducts [39 ' 40 ' 36a] and is confirmed by the changes in 
chemical shift of the H8 peak for bound 9-EtG-/V7 in the 
monoguanine Ru 11 arene adducts of both complexes [(r\ 6 -p- 
cym)Ru(NH 3 )(9-EtG-7y7)Cl] + (1-EtG) or [(n 6 -bip)Ru- 
(NH 3 )(9-EtG-7Y7)Cl] + (2-EtG). These have chemical shifts 
of ca. 8.20 ppm, cf. 8.08 ppm for free 9-EtG under the same 
conditions. Metallation at the N7 site of purine bases usu- 
ally produces a low field shift of the H8 resonance by about 
0.3-1.0 ppm, l 41 - 42 ! The second singlet was assigned to the 
corresponding diguanine adducts [(n 6 -/?-cym)Ru(NH 3 )(9- 
EtG-7V7) 2 ] 2+ (l-EtG 2 ) or [(n 6 -bip)Ru(NH 3 )(9-EtG-/V7) 2 ] 2+ 
(2-EtG 2 ) and has a chemical shift in the range of 8.30 
8.40 ppm, Figure S5. A similar profile of Afunctional reac- 
tivity is well-known for cisplatin, which can form intra- and/ 
or inter-strand crosslinks. l 43 ^ 5 ! Furthermore, coordination 
to two guanine bases has been demonstrated for the frag- 
ment {(r| 6 -benzene)Ru} 2+ . [461 Both complexes reacted rela- 
tively rapidly with 9-EtG (less than 2 h to reach equilib- 
rium); Table 4 lists the percentage of species detected after 
24 h of reaction as determined from integration of : H 
NMR signals. As it can be seen, at equilibrium complex 1 
had reacted with 9-EtG to form ca. 21 % of the correspond- 
ing monoguanine adduct [(n 6 -/7-cym)Ru(NH 3 )(9-EtG-/Y7)- 
Cl] + (1-EtG) and 53% of the diguanine adduct [(n 6 -/?-cym) 
Ru(NH 3 )(9-EtG-/V7) 2 ] 2+ (l-EtG 2 ). In the case of complex 



*** 
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2, at equilibrium (before the onset of arene loss, ca. 
160 min), ca. 5% of the corresponding mono 9-EtG adduct 
[(r| 6 -bip)Ru(NH 3 )(9-EtG-/v r 7)Cl] + (2-EtG) and 32% of the 
diguanine adduct [(n 6 -bip)Ru(NH 3 )(9-EtG-/V7) 2 ] 2+ (2- 
EtG 2 ) had been formed. The reactions of complex 2 with 
9-EtG take longer to reach equilibrium compared to those 
of complex 1, and are less thermodynamically favoured. 
The mass-to-charge ratios obtained from ESI-MS data were 
used to characterise some of the guanine adducts (see Table 
S5). 

Table 4. Extent of formation of 9-EtG-7Y7 adducts on reactions of 
complexes 1 and 2 with 2 mol equiv. of 9-EtG in 5% [D 4 ]MeOD/ 
95% D 2 0 at 310 K as determined by integration of 'H NMR 
peaks. 



Compound 


Time 


% Mono- 


% Di- 




[min] 


(9-EtG-JV 7 ) 


(9-EtG-JV 7 ) 






adduct 


adduct 


[(n 6 -p-cym)Ru(NH 3 )Cl 2 ] (l) 


106l a l 


20.4 


53.0 




1440 


20.4 


53.0 


[(n 6 -bip)Ru(NH 3 )Cl 2 ] (2) 


1601"] 


5(b) 


32M 



[a] Time to reach equilibrium, [b] Time before the onset of arene 
loss; approximate value due to peak overlap. 



Cancer Cell Growth Inhibition 

Neither complex 1 nor 2 was cytotoxic towards the 
A2780 human ovarian cancer cell line up to the maximum 
concentration tested (100 um), Table S6. It is known that 
metal coordination complexes can undergo ligand-substitu- 
tion reactions with components of the media in which they 
are dissolved. [47] In the case of complexes 1 and 2, the di- 
minished anticancer activity could be due to inactivation by 
reaction with components of the cell culture media even 
before reaching the cell or by other biomolecules once 
within the cell. This same hypothesis of inactivation has 
been previously suggested for complexes of the type [(r\ 6 -p- 
cym)Ru(X)(Y)Z] where X, Y or Z are monodentate ligands 
such as halides, acetonitrile or isonicotinamide. [6] 

Conclusions 

We have shown that neutral Ru 11 half-sandwich com- 
plexes containing two cis chlorido ligands and an ammine 
ligand can be synthesised by the reaction of Af,/V-dimethyl- 
benzylamine and NH 4 PF 6 , first forming NH 3 in situ which 
then reacts with the appropriate Ru 11 arene dimer to afford 
complexes [(n 6 -arene)Ru(NH 3 )Cl 2 ] 1 (p-cyva) and 2 (bip). A 
notable feature of these species in the solid state is the ex- 
tensive network of H-bond interactions through the NH 3 
and the CI ligands as well as %-n stacking aromatic interac- 
tions, particularly in the case of complex 2. Hydrolysis of 
the complexes was relatively rapid and occurred in two 
steps with half-lives of ca. 1 min and 46 min. Hydrolysis of 
the bip complex 2 appeared to be followed by arene loss 
with time. The possibility that DNA could be a target for 
these complexes in cancer cells was investigated by explor- 
ing their reactions with the model DNA nucleobase 9-ethyl- 
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guanine (9-EtG) in aqueous solution. Both complexes read- 
ily formed mono- and diguanine adducts upon hydrolysis. 
The reaction of complex 1 with 9-EtG was faster, and to a 
greater extent than that of 2. Hydrolysis is known to be a 
mechanism for activation of cytotoxic chlorido metal com- 
plexes. [6] However, none of the neutral complexes were cyto- 
toxic against the A2780 human ovarian cancer cell line up 
to the maximum concentration tested (100 um), perhaps be- 
cause they are too reactive towards components of the cell 
culture medium, and in the case of 2 due to arene loss. 

Experimental Section 

Materials: RuCl 3 -3H 2 0 was purchased from Precious Metals On- 
line (PMO Pty Ltd.) and used as received. iV,jV-dimethylbenzyl- 
amine (dmba) and NH 4 PF 6 were obtained from Aldrich. The Ru 11 
arene precursor dimers [(n 6 -/>-cym)RuCl 2 ] 2 and [(r| 6 -bip)RuCl 2 ]2 
where arene is p-cymene (p-cym) or biphenyl (bip), were prepared 
following literature methods. 1481 The solvents used for UV/Vis ab- 
sorption spectroscopy, dry methanol (reagent grade), and for NMR 
spectroscopy, [D 6 ]acetone, [D]chloroform, [D 4 ]methanol and D 2 0, 
were purchased from Aldrich. 

Synthesis of Ruthenium Complexes: The neutral complexes [(r| 6 -ar- 
ene)Ru(NH 3 )Cl 2 ] where arene is p-cym or bip were synthesised 
using a similar procedure. A suspension of the appropriate Ru 11 
arene dimer [(ri 6 -arene)RuCl 2 ] 2 , jV,yV-dimethylbenzylamine (dmba) 
and NH 4 PF 6 in 10 mL of dry MeOH was stirred at ambient tem- 
perature under N 2 atmosphere for 18 h. After evaporation of the 
clear orange solution that formed, the resulting solid was recrystal- 
lised by redissolution in the minimum amount of MeOH, CH 2 C1 2 
or CH 3 CN and leaving to stand at 298 K for 5 h. The precipitate 
that formed was filtered off and washed with portions of Et 2 0/ 
MeOH and dried overnight in vacuo resulting in a microcrystalline 
product. Details of the amounts of reactants, colour changes, and 
nature of the products for the individual reactions are described 
below, as well as any variations in the synthetic procedure. 

[(TlVcyni)Ru(NH 3 )Cl 2 ] (1) and [(T)Vcym)Ru(NH 3 )CI 2 K(dmba- 
H)(PF 6 )} (la): A solution of [(n 6 -p-cym)RuCl 2 ] 2 (0.10 g, 
0.16 mmol), V,V-dimethylbenzylamine (0.05 mL, 0.32 mmol) and 
NH 4 PF 6 (0.05 g, 0.32 mmol) in dry MeOH turned from brick red 
to orange; an orange solid of [(r] 6 -/)-cym)Ru(NH 3 )Cl 2 ] (1) was ob- 
tained by recrystallization from methanol, whereas bright orange 
crystals suitable for X-ray diffraction of [(n 6 -/;-cym)Ru(NH 3 )Cl 2 ]- 
[(dmba-H)(PF 6 )] (la) were grown from a saturated dichlorometh- 
ane solution of the crude product at ambient temperature; yield 
(for recrystallised 1) 68% (0.04 g, 0.12 mmol). 

1: Ci 0 H 17 Cl 2 NRu (323.23): calcd. 37.16, H 5.30, N 4.33; found C 
37.70, H 5.04, N 4.31. 

la: C 19 H 31 Cl 2 F 6 N 2 PRu: calcd. C 37.76, H 5.17, N 4.63; found C 
37.72, H 5.04, N 4.21. ESI-MS calcd. for C 10 H 18 Cl 2 NRu {[M] + 
[H + ]j + mlz 324.2; found mlz 324.0. 'H NMR for (1) [(CD 3 ) 2 CO, 
500 MHz]: 6 = 1.30 (d; J = 7.50 Hz, 6 H), 2. 20 (s, 3 H), 3.10 (m, 
3 H), 5.36 (d, / = 6.25 Hz, 2 H), 5.58 (dd, / = 6.25 Hz, 2 H) ppm. 

|(ti 6 -bip)Ru(NH 3 )Cl 2 | (2): A solution of [(r| 6 -bip)RuCl 2 ] 2 (0.10 g, 
0.16 mmol), /V,/V-dimethylbenzylamine (dmba) (0.049 mL, 
0.32 mmol) and NH 4 PF 6 (0.05 g, 0.32 mmol) in dry MeOH turned 
from brick red to orange; a bright orange solid was obtained; yield 
66% (0.04 g, 0.11 mmol). Crystals suitable for X-ray diffraction 
were grown from an acetonitrile-saturated solution of recrystallised 
2 at ambient temperature. C 12 H 13 Cl 2 NRu-H 2 0: calcd. C 39.90, H 
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4.19, N 3.88; found C 39.83, H 4.32, N 4.43. ESI-MS calcd. for 
C 12 H 14 Cl 2 NRu {[M] + [H + ]} + mlz 344.2; found mlz 343.9. [ H 
NMR [(CD 3 ) 2 CO, 500 MHz]: 8 = 3.39 (m, 3 H), 5.77 (t, / = 
5.63 Hz, 1 H), 5.93 (t, J = 5.63 Hz, 2 H), 6.03 (t, J = 5.63 Hz, 2 
H), 6.12 (d, / = 6.25 Hz, 2 H), 6.24 (d, / = 6.25 Hz, 1 H) ppm. 

X-ray Crystallography: Diffraction data were collected either on an 
Oxford Diffraction Gemini four-circle system with a Ruby CCD 
area detector or on a Siemens SMART three-circle system with 
CCD area detector equipped with an Oxford Cryosystem Cryos- 
tream Cooler. All structures were refined by full-matrix least- 
squares against F 2 using SHELXL 97 [49 1 and were solved by direct 
methods using SHELXS [50] (TREF) with additional light atoms 
found by Fourier methods. Hydrogen atoms were added at calcu- 
lated positions and refined using a riding model, except the hydro- 
gens on the NH nitrogens which were located in a difference map. 
Their positions were allowed to refine but with a distance restraint. 
Anisotropic displacement parameters were used for all non-H 
atoms; H-atoms were given an isotropic displacement parameter 
equal to 1.2 (or 1.5 for methyl and NH H-atoms) times the equiva- 
lent isotropic displacement parameter of the atom to which they 
are attached. 

CCDC-809024 (for la) and -809025 (for 2) contain the supplemen- 
tary crystallographic data for this paper. These data can be ob- 
tained free of charge from The Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif. 

NMR Spectroscopy: 'H and 13 C NMR spectra were acquired in 
5 mm NMR tubes at 298 K (unless otherwise stated) on a Bruker 
DRX-500 NMR spectrometer. All data processing was carried out 
using XWIN NMR version 3.6 (Bruker U. K. Ltd.). [ H NMR 
chemical shifts were internally referenced to TMS via 1,4-dioxane 
in D 2 0 (8 = 3.71 ppm) or residual CHC1 3 (<S = 7.27 ppm), 
CD 2 HOD (6 = 3.31 ppm) or DMSO (S = 2.50 ppm). ID spectra 
were recorded using standard pulse sequences. Typically, data were 
acquired with 128 transients into 16 k data points over a spectral 
width of 14 ppm. 2D spectra were recorded using standard pulse- 
pulse sequences. COSY was used to identify pairs of nuclei which 
are /-coupled to one another. Typically, data were acquired with 
72 transients into 1024 k data points over a spectral width of 
14 ppm (unless otherwise stated) using a relaxation delay of 1.5 s 
and a mixing time of 0.06 s. 

Elemental Analysis: Elemental analyses were performed by the 
Warwick Analytical Service which is the analytical division of Exe- 
ter Analytical (U. K. Ltd.) using an Exeter Analytical Elemental 
Analyzer (CE440). 

Electrospray Ionization Mass Spectrometry (ESI -MS): Positive-ion 
ESI(+) mass spectra were obtained either on a Bruker Esquire2000 
Ion Trap Spectrometer or a Bruker MicroTOF Spectrometer. Sam- 
ples were prepared in either 100% H 2 0 or 95% MeOH/5% H 2 0 
mixture and typically injected at 2 uLmhr 1 , nebulizer gas (N 2 ) 
25 psi, dry gas (N 2 ) 9 Limn 1 , dry temp. 300 °C, capillary -4000 V 
(+ mode), end plate offset -500 V, capillary exit 70-170 V, and Oct 
RF 50^4-00 V pp, unless otherwise stated. Data were processed 
using DataAnalysis version 3.3 (Bruker Daltonics). 

UV/Vis Absorption Spectroscopy: UV/Vis absorption spectra were 
recorded on a Cary 50-Bio spectrophotometer using 1-cm path 
length quartz cuvettes (600 uL) and a PTP1 Peltier temperature 
controller. Spectra were recorded at 310 K in deionised water from 
200 to 800 nm and were processed using UV-Winlab software for 
Microsoft Windows 95®. 

Aqueous Solution Chemistry: Hydrolysis of the Ru 11 arene com- 
plexes was monitored by UV/Vis spectroscopy. The nature of the 
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hydrolysis products as well as the extent of the reactions were veri- 
fied by 'H NMR spectroscopy or ESI-MS. For UV/Vis spec- 
troscopy, the complexes were dissolved in methanol and diluted 
with H 2 0 to give 100 um solutions (5% MeOH/95% H z O). The 
absorbance was recorded at several time intervals at the selected 
wavelength (at which the maximum changes in absorbance were 
registered) over ca. 4 h at 310 K. The data were then subjected to 
kinetic analysis for the first and second aquation steps. Plots of 
the change in absorbance with time were computer-fitted to the 
appropriate biexponential kinetic equation using Origin version 8.0 
(Microcal Software Ltd.) to give the half-lives (ti/ 2 , min) and rate 
constants (k n , min -1 ). For 'H NMR spectroscopy, the complexes 
were dissolved in [D 4 ]MeOD and diluted with D 2 0 to give 100 um 
solutions (5% [D 4 ]MeOD/95% D 2 0). The spectra were acquired at 
various time intervals on a Bruker DMX 700 spectrometer ('H = 
700 MHz) using 5 mm diameter tubes. All data processing was car- 
ried out using XWIN NMR version 2.0 (Bruker U. K. Ltd.). 'H 
NMR signals were referenced to dioxane as an internal reference 
(8 = 3.71). The relative amounts of Ru 11 arene halido species or 
aqua adducts were determined by integration of peaks in 'H NMR 
spectra. 

Rate of Arene Loss: The complexes were dissolved in [D 4 ]MeOD 
and diluted with D 2 0 to give 100 um solutions (5% [D 4 ]MeOD/ 
95% D 2 0). Arene loss over time was followed by 'H NMR spec- 
troscopy at 310 K for ca. 4 h. 

Interactions with Nucleobases: The reactions of 5% [D 4 ]MeOD/ 
95% D 2 0 solutions of the Ru 11 arene complexes (100 um) with 
2 mol equiv. of 9-ethylguanine (9-EtG) were monitored over time. 
'H NMR spectra were recorded at 310 K at various time intervals 
for 24 h. 

Cancer Cell Growth Inhibition: After plating, human ovarian A2780 
cancer cells were treated with Ru 11 arene complexes on day 3 at 
concentrations ranging from 0.1 to 100 um. Solutions of the Ru 11 
complexes were made up in 0.125% DMSO to assist dissolution 
(0.03% final concentration of DMSO per well in the 96-well plate). 
Cells were exposed to the complexes for 24 h, washed, supplied 
with fresh medium, allowed to grow for three doubling times (72 h), 
and then the protein content measured (proportional to cell sur- 
vival) using the sulforhodamine B (SRB) assay. [51 l 

Supporting Information (see footnote on the first page of this arti- 
cle): Experimental data for the X-ray crystal structures of com- 
plexes la and 2, Tables S1-S3. Mass-to-charge ratios obtained from 
ESI-MS spectra for the products of hydrolysis and from nucleobase 
interactions, Tables S4 and S5. IC 50 values, Table S6. l H NMR 
spectrum of 1 in [D 6 ]acetone solution (Figure SI). Intermolecular 
k-k stacking of the benzyl rings of two iV,7V-dimethylbenzylammo- 
nium cations in the crystal structure of [(n 6 -/>-cym)Ru(NH 3 )Cl 2 ] - 
(dmba-H)(PF 6 ) (la), Figure S2. Kinetic fits for the aquation reac- 
tions of complexes 1 and 2 (Figure S3). 'H NMR spectra of com- 
plex 1 recorded at different stages of aquation (Figure S4). Time- 
dependence 'H NMR spectra of complexes 1 and 2 in the presence 
of 9-EtG (Figure S5). 

Acknowledgments 

S. B.-L. thanks Warwick Postgraduate Research Scholarships/Over- 
seas Research Students Awards Scheme (WPRS/ORSAS), U.K. 
and Consejo Nacional de Ciencia y Tecnologia (CONACyT), 
Mexico for funding her research scholarship. We also thank The 
European Regional Development Fund/ Advantage West Midlands 
(ERDF/AWM), Science City and European Research Council 



^/ European journal 

« .X. Tf of Inorganic Chemistry 

(ERC) for funding, Dr Ana Maria Pizarro for the assistance with 
cell testing, Dr Ivan Prokes and Dr Lijiang Song and Mr Philip 
Aston of the University of Warwick for their assistance with NMR 
and MS instruments, respectively. 



[I] B. Rosenberg, L. V. Camp, Nature 1965, 205, 698-699. 

[2] B. Rosenberg, L. V. Camp, J. E. Trosko, V. H. Mansour, Nature 

1969, 222, 385-386. 
[3] B. Rosenberg, L. V. Camp, Cancer Res. 1970, 30, 1799-1802. 
[4] M. J. Cleare, J. D. Hoeschele, Bioinorg. Chem. 1973, 2, 187-210. 
[5] a) X. Wang, Z. Guo, Dalton Trans. 2008, 12, 1521-1532; b) 

A. S. Paraskar, S. Soni, K. T. Chin, P. Chaudhuri, K. W. Muto, 

J. Berkowitz, M. W. Handlogten, N. J. Alves, B. Bilgicer, D. M. 

Dinulescu, R. A. Mashelkar, S. Sengupta, Proc. Natl. Acad. 

Sci. USA 2010, 107, 12435-12440; c) G. Zhao, H. Lin, Curr. 

Med. Chem.: Anti-Cancer Agents 2005, J, 137-147. 
[6] a) R. E. Morris, R. E. Aird, P. del Socorro Murdoch, H. Chen, 

J. Cummings, N. D. Hughes, S. Parsons, A. Parkin, G. Boyd, 

D. I. Jodrell, P. J. Sadler, J. Med. Chem. 2001, 44, 3616-3621; 

b) H. Chen, J. A. Parkinson, S. Parsons, R. A. Coxall, R. O. 

Gould, P. J. Sadler, J. Am. Chem. Soc. 2002, 124, 3064-3082. 
[7] M. Melchart, A. Habtemariam, O. Novakova, S. A. Moggach, 

F. P. A. Fabbiani, S. Parsons, V. Brabec, P. J. Sadler, Inorg. 

Chem. 2007, 46, 8950-8962. 
[8] M. Melchart, Ph. D. Thesis, University of Edinburgh, 2006. 
[9] R. O. Gould, C. L. Jones, D. R. Robertson, T. A. Stephenson, 

Cryst. Struct. Commun. 1978, 7, 27-32. 
[10] a) D. R. Robertson, T. A. Stephenson, T. Arthur, J. Organomet. 

Chem. 1978, 162, 121-136; b) W. Weber, P. C. Ford, Inorg. 

Chem. 1986, 25, 1088-1092; c) Y. Hung, W.-J. Kung, H. Taube, 

Inorg. Chem. 1981, 20, 457-463. 

[I I] S. Grguric-Sipka, I.N. Stepanenko, J. M. Lazic, C. Bartel, 
M. A. Jakupec, V. B. Arion, B. K. Keppler, Dalton Trans. 2009, 
3334-3339. 

[12] a) R. Bobka, J. N. Roedel, B. Neumann, C. Krinninger, P. 
Mayer, S. Wunderlich, A. Penger, I. -P. Lorenz, Z. Anorg. Allg. 
Chem. 2007, 633, 1985-1994; b) K. J. Wallace, R. Daari, W. J. 
Belcher, L. O. Abouderbala, M. G. Boutelle, J. W. Steed, / Or- 
ganomet. Chem. 2003, 666, 63-74; c) S. J. Dickson, M. J. Pa- 
terson, C. E. Willans, K. M. Anderson, J. W. Steed, Chem. Eur. 
J. 2008, 14, 7296-7305. 

[13] a) P. Govindaswamy, Y. A. Mozharivskyj, M. R. Kollipara, 
Polyhedron 2004, 23, 3115-3123; b) S. K. Singh, S. Joshi, A. R. 
Singh, J. K. Saxena, D. Y. Pandey, Inorg. Chem. 2007, 46, 
10869-10876. 

[14] a) W. H. Ang, A. De Luca, C. Chapuis-Bernasconi, L. Juillerat- 
Jeanneret, M. Lo Bello, P. J. Dyson, ChemMedChem 2007, 2, 
1799-1806; b) C. A. Vock, W. H. Ang, C. Scolaro, A. D. Phil- 
lips, L. Lagopoulos, L. Juillerat-Jeanneret, G. Sava, R. Scopel- 
liti, P. J. Dyson, J. Med. Chem. 2007, 50, 2166-2175. 

[15] a) A. Demonceau, A. W. Stumpf, E. Saive, A. F. Noels, Macro- 
molecules 1997, 30, 3127-3130; b) L. Delaude, A. Demonceau, 
A. F. Noels, Curr. Org. Chem. 2006, 10, 203-215. 

[16] a) L. Quebatte, E. Solari, R. Scopelliti, K. Severin, Organome- 
tallics 2005, 24, 1404-1406; b) X. Sauvage, Y. Borguet, A. F. 
Noels, L. Delaude, A. Demonceau, Adv. Synth. Catal. 2007, 
349, 255-265. 

[17] W. F. Schmid, R. O. John, V. B. Arion, M. A. Jakupec, B. K. 
Keppler, Organometallics 2007, 26, 6643-6652. 

[18] a) M. G. Mendoza-Ferri, C. G. Hartinger, A. A. Nazarov, R. E. 
Eichinger, M. A. Jakupec, K. Severin, B. K. Keppler, Organo- 
metallics 2009, 28, 6260-6265; b) W. Kandioller, C. G. Hart- 
inger, A. A. Nazarov, C. Bartel, M. Skocic, M. A. Jakupec, 
V. B. Arion, B. K. Keppler, Chem. Eur. J. 2009, 15, 12283- 
12291; c) M. G. Mendoza-Ferri, C. G. Hartinger, M. A. Men- 
doza, M. Groessl, A. E. Egger, R. E. Eichinger, J. B. Mangrum, 
N. P. Farrell, M. Maruszak, P. J. Bednarski, F. Klein, M. A. 
Jakupec, A. A. Nazarov, K. Severin, B. K. Keppler, J. Med. 
Chem. 2009, 52, 916-925. 



Eur. J. Inorg. Chem. 2011, 3257-3264 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 



www.eurjic.org 



3263 



FULL PAPER 

[19] C. Scolaro, A. Bergamo, L. Brescacin, R. Delfino, M. Cocchi- 
etto, G. Laurenczy, T. J. Geldbach, G. Sava, P. J. Dyson, J. 
Med. Chem. 2005, 48, 416L4171. 

[20] J. Maksomiska, D. S. Williams, G. E. Atilla-Gokcumen, 
K. S. M. Smalley, P. J. Carroll, R. D. Webster, P. Filippako- 
poulos, S. Knapp, M. Herlyn, E. Meggers, Chem. Eur. J. 2008, 
14, 4816^1822. 

[21] B. Biersack, M. Zoldakova, K. Effenberger, R. Schobert, Eur. 

J. Med. Chem. 2010, 45, 1972-1975. 
[22] S. E. Sherman, S. J. Lippard, Chem. Rev. 1987, 87, 1153-1181. 
[23] a) I. Kostova, Recent Pat. Anti-Cancer Drug Discovery 2006, 1, 

1-22; b) G. McGowan, S. Parsons, P. J. Sadler, Inorg. Chem. 

2005, 44, 7459-7467. 
[24] W. S. Sheldrick, S. Heeb, Inorg. Chim. Acta 1990, 168, 93-100. 
[25] R. S. Bates, M. J. Begley, A. H. Wright, Polyhedron 1990, 9, 

1113-1118. 

[26] L. Carter, D. L. Davies, J. Fawcett, D. R. Russell, Polyhedron 

1993, 12, 1123-1128. 
[27] Values taken from: http://murov.info/orgsolvents.htm; http:// 

www.chemical-ecology.net/java/solvents.htm; accessed May 01, 

2011. 

[28] a) E. C. Morrison, C. A. Palmer, D. A. Tocher, J. Organomet. 

Chem. 1988, 349, 405-411; b) P. Lahuerta, J. Latorre, M. 

Sanau, F. A. Cotton, W. Schwotzer, Polyhedron 1988, 7, 1311- 

1316; c) M. R. J. Elsegood, D. A. Tocher, J. Organomet. Chem. 

1988, 356, C29-C31. 
[29] A. M. Pizarro, M. Melchart, A. Habtemariam, L. Salassa, 

F. P. A. Fabbiani, S. Parsons, P. J. Sadler, Inorg. Chem. 2010, 
49, 3310-3319. 

[30] a) D. K. Gupta, A. N. Sahay, D. S. Pandey, N. K. Jha, P. 
Sharma, G. Espinosa, A. Cabrera, M. C. Puerta, P. Valerga, J. 
Organomet. Chem. 1998, 568, 13-20; b) R. Aronson, M. R. J. 
Elsegood, J. W. Steed, D. A. Tocher, Polyhedron 1991, 15, 1727- 
1732. 

[31] a) T. Bugarcic, A. Habtemariam, J. Stepankova, P. Heringova, 
J. Kasparkova, R. J. Deeth, R. D. L. Johnstone, A. Prescimone, 
A. Parkin, S. Parsons, V. Brabec, P. J. Sadler, Inorg. Chem. 
2008, 47, 1 1470-1 1486; b) S. J. Dougan, M. Melchart, A. Habt- 
emariam, S. Parsons, P. J. Sadler, Inorg. Chem. 2006, 45, 10882- 
10894. 

[32] a) S. H. van Rijt, A. J. Hebden, T. Amaresekera, R. J. Deeth, 

G. J. Clarkson, S. Parsons, P. McGowan, P. J. Sadler, J. Med. 
Chem. 2009, 52, 7753-7764; b) T. Bugarcic, O. Novakova, A. 
Halamikova, L. Zerzankova, O. Vrana, J. Kasparkova, A. Hab- 
temariam, S. Parsons, P. J. Sadler, V. Brabec, J. Med. Chem. 
2008, 51, 5310-5319. 

[33] C. Janiak, J. Chem. Sac, Dalton Trans. 2000, 3885-3896. 



S. Betanzos-Lara, A. Habtemariam, G. J. Clarkson, P. J. Sadler 



[34] R. E. Aird, J. Cummings, A. A. Ritchie, M. Muir, R. E. Morris, 
H. Chen, P. J. Sadler, D. I. Jodrell, Br. J. Cancer 2001, 86, 1652- 
1657. 

[35] Y. K. Yan, M. Melchart, A. Habtemariam, P. J. Sadler, Chem. 
Commun. 2005, 4764-^1776. 

[36] a) R. Fernandez, M. Melchart, A. Habtemariam, S. Parsons, 
P. J. Sadler, Chem. Eur. J. 2004, 10, 5173-5179; b) F. Wang, A. 
Habtemariam, E. P. L. van der Geer, R. Fernandez, M. Melch- 
art, R. J. Deeth, R. Aird, S. Guichard, F. P. A. Fabbiani, P. Lo- 
zano-Casal, I. D. H. Oswald, D. I. Jodrell, S. Parsons, P. J. 
Sadler, Proa Natl. Acad. Sci. USA 2005, 102, 18269-18274. 

[37] F. Wang, H. Chen, S. Parsons, I. D. H. Oswald, J. E. Davidson, 
P. J. Sadler, Chem. Eur. J. 2003, 9, 5810-5820. 

[38] C. X. Zhang, S. J. Lippard, Curr. Opin. Chem. Biol. 2003, 7, 
481^189. 

[39] A. Dorcier, P. J. Dyson, C. Gossens, U. Rothlisberger, R. Scop- 
elliti, 1. Tavernelli, Organometallics 2005, 24, 2114-2123. 

[40] J. Reedijk, Chem. Rev. 1999, 99, 2499-2510. 

[41] K. H. Scheller, V. Scheller-Krattiger, R. B. Martin, J. Am. 
Chem. Soc. 1981, 103, 6833-6839. 

[42] A. F. A. Peacock, A. Habtemariam, R. Fernandez, V. Walland, 

F. P. A. Fabbiani, S. Parsons, R. E. Aird, D. 1. Jodrell, P. J. 
Sadler, J. Am. Chem. Soc. 2006, 128, 1739-1748. 

[43] E. R. Jamieson, S. J. Lippard, Chem. Rev. 1999, 99, 2467-2498. 
[44] B. Brabec, J. Kasparkova, Met. Compd. Cancer Chemother. 
2005, 187-218. 

[45] D. Wang, S. J. Lippard, Nature Rev. Drug Discovery 2005, 4, 
307-320. 

[46] S. Korn, W. S. Sheldrick, J. Chem. Soc, Dalton Trans. 1997, 
2191-2199. 

[47] L. Ronconi, P.J. Sadler, Coord. Chem. Rev. 2007, 251, 1633- 
1648. 

[48] a) M. A. Bennett, A. K. Smith, J. Chem. Soc, Dalton Trans. 
1974, 233-241; b) P. Govindaswamy, J. Canivet, B. Therrien, 

G. Siiss-Fink, P. Stepnicka, J. Ludvik, J. Organomet. Chem. 
2007, 692, 3664-3675; c) R. A. Zelonka, M. C. Baird, J. Or- 
ganomet. Chem. 1972, 35, C43-C46. 

[49] G. M. Sheldrick, SHELXL97, University of Gottingen, Ger- 
many, 1997. 

[50] a) G. M. Sheldrick, Acta Crystallogr, Sect. A 1990, 46, 467- 
473; b) G. M. Sheldrick, Acta Crystallogr., Sect. A 2008, 64, 
112-122. 

[51] P. Skehan, R. Storeng, D. Scudiero, A. Monks, J. McMahon, 
D. Vistica, J. T. Warren, H. Bokesch, S. Kenney, M. R. Boyd, 
J. Nat. Cancer Inst. 1990,52, 1107-1112. 

Received: March 13, 2011 
Published Online: June 22, 2011 



3264 www.eurjic.org 



©2011 Wiley- VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3257-3264 



